The host-parasite model developed in this paper is based on a series of experiments carried out by Hassell (1971a, b) . It shows that the outcome of search by the ichneumonid parasite Nemeritis (= Venturia) canescens Grav. under experimental conditions may be largely predicted by considering three basic parasite responses.
(1) The functional response to host density Holling (1959) was the first to point out that the act of attacking a host (or prey) occupies a finite time ('handling time'). Thus, the time available for searching for hosts interference Symbols: N = number of hosts, P = number of parasites, Na = number of attacks on N hosts by P parasites, Nha = number of hosts parasitized by P parasites, C = eggs laid per parasite (a constant), a, a', Ca = attack coefficients (constants), K = max. number of hosts that can be attacked per parasite, Tt = total time that hosts are exposed to parasites, Th = handling time, Q = value of attack coefficient (a) when P = 1 ('Quest Constant'), b, m= interference constants.
becomes less as more hosts are encountered. This has the effect of reducing the searching efficiency of the individual parasite at high host densities. The handling time varies considerably from species to species. For example, Nemeritis was found to spend an average of about 21 s from first encountering a host until resuming search (see page 668). On the other hand, the handling time of Nasonia vitripennis (Walk.) may be several hours depending on the previous history of the female parasite (Varley & Edwards 1957 ).
(2) The response to the host distribuition It has been observed that some searching parasite and predator populations aggregate in areas of high host or prey density. Such aggregation is the result of individuals tending to spend more time in these high density areas (Hassell 1966 ). There have been several descriptions of parasite and predator behaviour that will lead to aggregation. There may be a long-range attraction to some host product. For example, Nemeritis canescens (Corbett 1971), Trichopoda pennipes (F.) (Mitchell & Mau 1971 ) and several predators of scolytids (Wood 1972 ) are attracted by their host or prey pheromones, while Rhyssa persuasoria (L.) locates host areas by responding to a symbiotic fungus of the host (Spradbery 1970) . Aggregation can also occur in a quite different way: by a behavioural change occurring after a host or prey has been successfully attacked, resulting in more time being spent in that area. In this way, each parasite will tend to remain longer in areas of high host density than where there are few hosts. Such behaviour, involving increased frequency of turning movements, has been observed in Diaeretiella rapae (Curt.) (Hafez 1961 Other factors such as asynchrony between host and parasite, lack of host specificity and occurrence of superparasitism are not included in the present model. These are, of course, important in many host-parasite interactions and in these cases would need to be included as submodels. Encounters per parasite F (Fig 5(a bc we can test the adequacy of our observations and discover the relative importance of different parts of the parasite's behaviour to the total parasitism. Fig. 2 illustrates the working of the model for a given parasite density (P = 4) and shows how different factors reduce the time available for searching. The total time spent by each parasite on host containers is predicted from the relationship in Fig. 3 , where the proportion of time spent on host areas is shown to decline exponentially with increases in parasite density. For example, the relationship predicts that where four parasites are present, each only spends 16X76 h on host areas, whereas with one parasite searching 23-9 h are spent on host areas. The reduction in time results from interference occurring when adult parasites react on meeting or when an adult reacts to finding a host which is already parasitized. Either reaction increases the chance of a parasite leaving the host area.
Nemeritis populations tend to aggregate in regions of high host density. Not all encounters between parasites lead to dispersal from the host area. In the majority of cases both parasites remain on the host container. However, they are not unaffected by these encounters. For example, when one of the parasites is probing the host medium, it frequently ceases to do so after an encounter and only resumes active searching after a short interval. The average time wasted (TWASTE) following such an effective encounter is not easily determined since it is not known how much activities such as walking, resting and cleaning are prolonged by an encounter. Since this is the only parameter in the model that has not been experimentally determined, we have varied TWASTE in the model to find a value which gives the closest agreement between the observed outcome of the experiments and the predicted outcome from the model (see Discussion). A value of 25 s wasted per parasite encounter was found to be optimal, which seems from our observations to be a reasonable figure. It was expected that the product of the number of encounters at each host density and the average time wasted per encounter (TWASTE) would represent the total time wasted per parasite during the time on the host areas. The situation was complicated, however, by signs of habituation to encounters as parasite density increased. This is illustrated in Fig. 5(c) where the percentage of the encounters, while a parasite is probing, that result in the parasite starting to walk about the areas, is compared with parasite density. We have, therefore, calculated the time wasted per parasite at the different host densities in four stages.
(1) Calculate the total number of encounters between parasites (Fig. 5a) . (2) Distribute these encounters between the different host densities (Fig. 5b) . (3) Calculate the proportion of encounters at each host density that result in interference (Fig. 5c) .
(4) Calculate the time wasted per parasite at the different host densities from the product of TWASTE and stage 3 above. The time spent at each host density per parasite is then reduced by this amount to obtain the total time that is initially available for searching at each host density (Tt). In the case of four parasites per cage, Tt varies between about 30 min on the containers of lowest host density to about 5 h 37 min at the highest host density (see Fig. 2 Table 1 
DISCUSSION
The predictions of the model illustrated in Fig. 6 are based on five relationships derived from observations made during the first four hours of the experiments, and on two theoretical equations describing the total number of attacks and the number of hosts parasitized. The model closely mimics the result of the experiments, particularly when only one parasite is present. This suggests that our estimates for the coefficient of attack (Ca), the handling time (Th) and the aggregative response of a single parasite (Fig. 4a) are all reasonably accurate. When two or more parasites are present, the model predicts a somewhat greater percentage parasitism than was observed. Consequently, our descriptions of one or more of the interference components (Figs. 3 and 5) or the aggregative response for two or more parasites (Fig. 4b, c) could probably be improved. It is clear that the predicted and observed slopes in Fig. 6(b) are more divergent than in Fig. 6(a) . This is the result of the parameter A being a more sensitive measure of searching efficiency than the area of discovery a. It requires not only an accurate measure of the number of hosts attacked per parasite as for the area of discovery, but also a measure of the distribution of these attacks at the different host densities per unit area.
There is no reason why parasite interference should take the form of a linear relationship between the log of parasite efficiency and the log of parasite density. Although the relationship seems linear for Nemeritis and for Cryptus inornatus Pratt., that for the majority of parasites for which there are suitable data show signs of curvilinearity (Trichogramma (Fig. 1) ; Chelonus texanus Cress., Pseudeucoila bochei Weld., Dahlbominus fuscipennis (Zett.) and Encarsiaformosa Gahan (Hassell 1971a ). This may be due to the unnaturally high levels of parasite density reached in these experiments. Since very little is known about the searching behaviour of most of these species, it is not possible to decide which feature or features of parasite behaviour determine the form of the relationship. In the Nemeritis model it is possible to change the interference relationship from a straight line to a curve simply by increasing the time wasted per parasite encounter to above 30 s as shown in Fig. 7 . The model is equally sensitive to changes in other parameters. For example, the shaded areas in Fig. 6(a, b) represent the boundary of the model where the coefficient of attack (Ca) is varied between the 95% limits of its observed mean value (Ca = 0 045 +0 022). Clearly, variations in this parameter affect only the general level of parasitism without altering the shape of the curve.
Effect of different responses
We have considered three parasite responses in the model for Nemeritis: (1) the functional response to host density; (2) the behavioural response to the host distribution; and (3) the response to parasite density. What effect have these in a host-parasite interaction over several generations? Do they contribute to stability or instability? These questions can be answered by building very simple models where each is present in turn (Fig. 8a-d) .
Model A This is, in effect, a control. The searching efficiency is independent of both host and parasite density and parasite search is random. It is therefore a model of the type proposed by Nicholson (1933) in which the number of hosts attacked (Nha) is obtained from Nha = N(1-e-aP) (5) (see Table 1 for symbols). Such an interaction is never stable (except at the theoretical 'steady densities').
Model B (including handling time)
This model is similar to Model A except that allowance is made for the time spent between first encountering a host and search being resumed (i.e. the handling time). The number of host encounters (Na) is obtained from Holling's disc equation (eqn 1) and the number of hosts parasitized (Nha) from eqn 2. The inclusion of a handling time tends to increase instability but only to a small extent even when given a very high value. Such a model is therefore also always unstable.
Model C (including interference)
Interference between parasites is equivalent to a direct density-dependent mortality acting on the searching parasite adults. It will therefore have a stabilizing influence on a host-parasite interaction as shown in Model C1 and Model C2 where the mutual interference constant (m) has a value of 0 3 and 0 4 respectively. The parasites are again searching at random and the number of hosts attacked is obtained from Nha = N(1-e-Qpl-m) (6) (see Table 1 Generations the highest host densities to a greater extent than in Model D1. Such aggregation by the parasite population will contribute to the stability of a host-parasite interaction since the low host density areas become effectively 'host refuges'. Under natural conditions, of course, the degree of clumping of the hosts (which is often well described by the negative binomial distribution) and the aggregative response of the parasites will vary depending on the overall densities and other factors (Hassell 1968 where ax and f are constants. In this equation (oxP-fl) is the interference component making the time that the hosts are exposed to parasitism dependent on parasite density in the same way as observed for Nemeritis (see Fig. 3 where ax is the intercept and fi the slope).
Changing the time available for searching in this way (while keeping searching efficiency constant) is equivalent to changing the searching efficiency whilst keeping the total time available constant, as done by Watt (1959) and Hassell & Varley (1969) . The number of hosts attacked (Nha) is obtained from eqn 2 and the effects of aggregation included by distributing the host and parasite populations as shown in Table 2 . The stability of Model E1 and Model E2 is therefore the result of both parasite interference and parasite aggregation.
Model C and Model E have two very different functions. The parameters in Model C can easily be obtained from field data where the host density, adult parasite density and number of hosts attacked are known. The searching efficiency (a or A) of the parasite population may be estimated from these data and if found to be more-or-less constant, or varying in a predictable way, can be used to develop simple, but fairly realistic submodels for parasitism in the field (Varley & Gradwell 1971) . Model E, on the other hand, requires laboratory experiments and behavioural observations in order to predict the number of hosts encountered. In this case, not only must the searching efficiency (Ca) be calculated, but also the effects of host and parasite density must be directly measured. This model is more realistic than Model C because it includes more factors affecting parasitism. It is therefore useful in illustrating the interaction of different features of parasite behaviour, and consequently useful for developing theoretical models.
Implications for biological control
The model for Nemeritis and Models A-E have shown that different features of the searching ability of parasites can greatly affect the outcome of a host-parasite interaction. The relatively high proportion of failures in the history of biological control is certainly due to a variety of circumstances. However, we feel that the situation could be improved if the searching efficiency, and the factors affecting it, were considered in selecting a parasite species for a biological control programme. Successful programmes have occurred when there has been a rapid increase and spread of the introduced parasites, followed by a decline in the pest population which is then maintained at a much lower level by the parasite population ( (1) A high intrinsic searching efficiency (Q, a' or Ca). This enables a parasite population to increase more rapidly when the host population is high.
(2) A short handling time (Th) in relation to generation time. A long handling time has a destabilizing effect on an interaction since the functional response curve (Na per P plotted against N) will flatten off more rapidly making the response more inversely density-dependent. Egg limitation (or satiation in the case of predators) will have a similar effect if occurring within the normal range of host densities. (3) A high value for the interference constant (m, b, or fi) . This has a strong stabilizing effect on a population interaction. A species that reacts to some form of interference by increased dispersal will also be favourable in spreading the area of interaction.
(4) A tendency to aggregate in unit areas where host density is relatively high. This contributes to the stability of an interaction.
